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INTRODUCTION

The postulation that reactivation of telomerase is a critical event for tumor progression has
suggested that inhibitors of the enzyme may be employed for therapeutic use against epithelial
cancers, including breast cancer. Experimental results indicate that certain reverse transcriptase
inhibitors, which target the catalytic subunit of telomerase, may indeed be a successful approach
for cancer treatment (1). Identifying additional components of telomerase, or telomerase associated
proteins, may further characterize other potential anti-telomerase targets. Towards this goal, my
research proposal focuses on examining the role of a telomerase associated protein, Estl, in
telomere maintenance in the yeast Saccharomyces cerevisiae. The combined genetic and
biochemical approaches that can be used with a yeast model system allows dissection of the
molecular details of telomerase function - an important first step in characterizing potential targets
in a mammalian system.
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RESEARCH SUMMARY

BACKGROUND

Five genes have been identified that are required for telomere replication by telomerase in
S. cerevisiae: EST1, EST2, EST3, TLC1 and CDC13 (2-5). EST2 and TLC1 comprise
components of the catalytic core of the yeast enzyme: EST2 encodes the reverse transcriptase
catalytic subunit and TLC1 encodes the templating RNA (5, 6). Mutations in either of these two
genes results in progressively shorter telomeres and cellular senescence (collectively termed the est
phenotype, for ever shorter telomeres), as well as an absence of detectable in vitro telomerase
activity. However, EST1, EST3 and CDC13es", which are also required for in vivo replication,
are dispensable for catalytic activity in vitro (7). We have proposed that these three proteins
perform essential regulatory roles in vivo.

Immunoprecipitation experiments performed in our lab have demonstrated that Estl and
Est3, like Est2, are associated with an active telomerase enzyme complex (8). The interaction
between Estl and the telomerase RNA is independent of Est2, suggesting that the association of
Estl with telomerase is mediated through protein-RNA interactions rather than Estl-Est2
interactions. Previous work also has shown that Estl has the properties of a single-strand telomere
DNA binding protein, with a strong preference for a free single stranded 3' end (9). These data
have led us to propose that Estl is a telomerase-associated protein that functions in mediating
enzyme access to the end of the chromosome. Presumably, Estl performs this role via its telomere
DNA binding activity, but this proposed telomere accessing activity may be mediated through
protein-protein interactions as well. One candidate for an Estl-interacting protein is another single-
strand telomere DNA binding protein, Cdc 13.

Insight into the role of Cdcl3 in telomere maintenance has come from both genetic and
biochemical experiments. Work from both our lab and the Zakian lab has shown that Cdcl3 is a
single-strand telomere DNA binding protein in vitro. (4, 10). While bound to the telomere, Cdcl3
appears to play to roles, based on genetic analysis of two distinct mutations: (i) the cdc13-1ts allele
defines an essential role for Cdcl3 in protecting the end of the chromosome (11), whereas (ii) the
cdc13-2"' mutation defines a role in telomerase function. This est mutation confers progressive
telomere shortening and senescence, although in vitro telomerase activity is still present in extracts
made from cdc13-2est strains. Cdcl3 does not appear to be tightly associated with telomerase, as
Cdcl3 does not co-immunoprecipitate telomerase at detectable levels (8). Therefore, if Cdcl3
mediates access of telomerase to the chromosome terminus through a direct protein-protein
interaction, this interaction must be relatively weak.

My research proposal focuses on characterizing the role(s) of proteins that are responsible
for mediating access of telomerase to the telomere, with a focus on EST1 and CDC13. To define
more clearly the mechanistic function of Estl at the telomere, I have pursued two experimental
approaches over the past year. Project I has been a detailed site directed mutational analysis of
EST1, with has yielded three particularly informative classes of mutants and has provided critical
groundwork for the future Specific Aims of my research.

In a second approach, Project II, I have examined the consequences of fusing Estl to
Cdc13, and have found that this fusion protein results in substantial telomere lengthening. The
results of this second approach, described in more detail in the Research Summary, Project II
section, greatly support our model for the role of Estl and Cdcl3 as co-mediators of telomerase
access to the chromosome terminus. In addition, it has also provided us with a powerful tool to
further genetically define regions of both of these two proteins in telomere maintenance.
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Project 1: Mutational analysis of EST1

Rationale

There are two main undefined areas with regard to Estl function: first, proteins that directly
interact with Estl remain largely unknown, and second, we do not know the in vivo role of the in
vitro defined DNA and RNA binding activities of Estl (i.e. what the in vivo consequences of
mutations conferring a DNA and/or RNA binding defect would be). As a first step towards
addressing these two aspects, and to define more clearly the role of Estl in telomere maintenance, I
have carried out a mutational analysis of the protein. In Specific Aim 2 of my original research
proposal, I had proposed to mutate specific residues in the putative DNA/RNA binding motifs of
Estl in an attempt to establish their functional significance. At the onset of this project, I decided
to substantially broaden that approach and conduct a site-directed mutational analysis on the entire
protein. There are two primary goals of this project. First, I hope to identify and analyze
functional domains of Estl by identifying not only the nucleic acid binding residues, but also
identifying other domains of the protein that may be involved in interacting with telomerase or
components of telomeric chromatin. The second goal of this project is to generate reagents that
will be useful for identifying EstI-interacting factors; appropriate alleles from this mutagenesis will
be used in suppression screens to isolate possible Est1-interacting proteins, as outlined in Specific
Aim 3 of my original research proposal. In addition, such alleles should be useful in other genetic
analyses of the role of Estl in telomere replication, as described in more detail in Project II of this
Research Summary.

Strategy and Methods for mutant isolation

The approach used for the mutagenesis was a directed charged-cluster to alanine scan,
using charged residues that are conserved between ESTI homologs from S. cerevisiae and the
related yeast, S. carlesbergensis to dictate many of the residues that were mutated. A total of 23
clustered mutations (changing two to four residues at a time) and five single mutations were made:
14 in the amino terminal portion of the protein, 12 in the nucleic acid binding domain, and two in
the carboxyl terminus. Mutations were created in an amino-terminal epitope tagged (HA) EST1
CEN plasmid, and subsequently cloned into overexpression and in vitro expression vectors. Each
mutant was analyzed for in vivo complementation of EST1 function (senescence and telomere
length), an overexpression dominant negative phenotype, and association with the telomerase
RNA.

Results and Discussion
This approach has yielded three interesting classes of mutants, as summarized in Table 1

and described in more detail below. Of the 28 estl mutants made, 11 mutants have phenotypes
that are particularly instructive, 16 have no overt est phenotypes, and one makes no detectable
protein.

Class I (6 mutants): These mutants have an in vivo telomerase defective phenotype:
they display senescence (with one exception) and short telomeres. However, they appear to
associate with the telomerase RNA at levels comparable to wild type. Since these mutations all
reside within the mapped DNA binding domain, it is possible that these mutations confer a defect
in DNA binding, and therefore these mutants will be assayed for DNA binding in vitro. These
mutants also have a dominant negative phenotype when overexpressed, suggesting that
overexpression of mutant forms of Estl which are unable to bind DNA may titrate out components
which are required for telomerase function. This is one class of mutants that may be used in high
copy suppression screens to isolate putative Estl-interacting factors.
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Class II (2 mutants): Two of the conditional senescence mutants fall into this class,
which behave like null mutations at 36°C, but are semi-permissive at 300C. These mutants still
associate with TLC1 at 30'C, and preliminary evidence suggests this association is retained at
360C. There are two possible models for how these mutants affect Estl function. One is that the
mutant protein remains associated with telomerase, but may be defective for an interaction with
another factor required for telomere maintenance. If so, mutants of this class can also be used in
screens to identify potentially a different class of Estl interactors than those defined by the Class I
mutations. Alternatively, I cannot rule out the possibility that although these mutations fall outside
of the mapped nucleic acid binding region, that the mutations define a domain which is still
required for DNA binding or binding specificity. In vitro DNA binding experiments should help
distinguish between these two possibilities.

Class III (3 mutants): Three mutants fall into this class, which is defined by a
substantial reduction in the association with the telomerase complex (as assessed by co-
immunoprecipitation with the telomerase RNA). These mutants have slightly different in vivo
phenotypes:

estl-38: not senescent, short telomeres, synthetic with yku7OA
estl-39: conditional senescence at 36°C, short telomeres even at 30'C, synthetic with yku7OA
est1-41: not senescent, short telomeres, but not synthetic with yku7O.A

Like the mutants in Class II, there are two possible models for how these mutants affect Estl
function. One is that these mutations define a protein-protein interaction domain required for
telomerase association. A second possibility is that the determinants for direct RNA binding, or
RNA binding specificity, lie within this region.

Conclusions and Future Directions

The mutagenesis project was successful in generating many useful reagents for further
analysis of Estl. Future directions include characterizing these estl mutants by: (i) examining the
DNA and RNA binding properties of the mutants using in vitro nucleic acid binding assays, and
(ii) performing allele-specific suppression screens of certain estl mutants to search for Estl-
interacting factors. This project will be supplemented by two additional approaches designed to
isolate particularly informative subsets of estl mutants: (i) a mutagenized EST1 library will be
used to screen for dominant negative alleles, and (ii) mutants defective in mediating telomerase
access will be obtained using the reagents and techniques described in Project II in next section.

Project II: Tethering telomerase to the telomere

Rationale

We previously proposed that the phenotypes of the telomerase-defective allele of CDC13
(cdc13-2est) were due to the inability of telomerase to access the chromosome terminus, although
the precise molecular mechanism by which Cdc13 mediated telomerase access was not defined.
One possible mechanism is through a direct protein-protein interaction between Cdcl3 and
telomerase, and therefore, the phenotypes of the cdc13-2est allele could be due to reduced
interaction between these two factors. The reciprocal experiment would be to examine the
consequences of increasing the affinity between Cdcl3 and telomerase. I decided to test this in a
• somewhat unusual way, by fusing Cdcl3 directly to Estl. As described below, this protein fusion
resulted in greatly elongated telomeres, suggesting that we had physically tethered telomerase to the
telomere via the high affinity telomere DNA binding protein, Cdc 13. As outlined in more detail in
the Future Directions section of this Project, this result has provided us with both a powerful tool
for dissecting the individual components of telomerase.
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Results and Discussion

Figure 1 shows the striking result of fusing Cdcl3 and Estl, which is that the Cdc13-Est1
fusion protein conferred greatly elongated telomeres (Fig. 1, lanes 2 and 3), compared to wild type
(Fig. 1, lane 1). Telomere lengthening was even more pronounced in a cdc13-A strain where the
only copy of Cdcl3 present was part of the fusion protein (Fig. 1, lanes 4 and 5). This telomere
elongation was dependent on functional telomerase, as lengthening was not observed when the
fusion was introduced into a strain deleted for the catalytic subunit of enzyme (data not shown).
Control experiments demonstrated that each half of the fusion protein still retained function: the
fusion protein complemented either null mutation, and importantly, the Estl portion retained TLC1
association when present in the fusion (Fig. 2, lane 6). We interpreted these initial results to
suggest that we had greatly increased the affinity of telomerase for the telomere by fusing Cdc 13 to
a telomerase component.

This initial observation allowed us to genetically test our model that the Cdcl3est mutant
protein had a reduced affinity for telomerase. One testable prediction of this model is that fusing
Estl to the telomerase defective version of Cdcl3 should bypass the consequences of this
mutation. Figure 1 shows that the Cdcl3est defect was indeed bypassed, as this mutant version of
the protein behaved exactly as the wild type version: telomeres lengthened in both a CDC13+ strain
(Fig. 1, lanes 7 and 8) and in a cdc13-A. strain (Fig. 1, lanes 9 and 10), and no senescence was
observed (data not shown). This shows that physically putting Estl in the proximity of Cdcl3
does in fact bypass the telomerase defect of the mutant Cdc 13 protein.

Reagents that had been generated from the site directed mutational analysis of Estl (Project
I) also allowed us to ask the reciprocal experiment: can Estl mutants be suppressed by fusion to
Cdc13? A subset of esti mutants isolated from the site directed mutagenesis displayed both short
telomeres and senescence phenotypes, but retained association with the telomerase RNA at levels
comparable to the wild type protein. One of these mutants, est1-47, was chosen for the fusion
experiments because it had a strong senescence phenotype in vivo. However, when fused to
Cdc13, this estl defect was now bypassed and the mutant fusion protein also behaved exactly as
the wild type fusion, as expected if the ability of Estl to get to the telomere had been restored (data
not shown).

Taking the fusion experiments one step further, we asked what the consequences were of
fusing Cdcl3 directly to the catalytic subunit of telomerase. This Cdcl3-Est2 fusion also gave
dramatic telomere lengthening (Fig. 3, lanes 3 and 4), comparable to the Cdcl3-Estl fusion (Fig.
3, lanes 1 and 2). The use of Est2 in these experiments allowed an important control fusion to be
tested: fusion of a catalytically inactive version of Est2 (conferred by a mutation in an active site
residue, D670A) to Cdc 13 did not result in telomere lengthening, but instead resulted in wild type
telomere length (Fig. 3, lanes 5 and 6).

Finally, the Cdcl3-Est2 fusion has allowed us to ask if Estl function can be bypassed
when telomerase is tethered to the telomere. Strikingly, the Cdc 13-Est2 fusion now allowed cells
to propagate in the complete absence of EST1 function: in a strain where both CDC13 and EST1
were deleted, the senescence phenotype of an estl-A mutation was bypassed, and the Cdcl3-Est2
fusion could maintain healthy growth for at least up to 150 generations (Fig. 4). Estl function was
not completely bypassed, however, since telomere length was short, but stably maintained (data
not shown). At present, we are unable to determine if this incomplete bypass is due to
imperfection in the Cdcl3-Est2 fusion protein or if Estl has other roles at the telomere in addition
to mediating telomerase access. Interestingly, the Cdc13-Est2 fusion did not bypass the
requirement for Est3 (data not shown).

One alternative interpretation of the above data was that we had perturbed some function of
Cdcl13, as mutations in CDC13 have been identified which cause telomere lengthening. I have
constructed several control fusion proteins to address this concern, and one particularly informative
fusion (the Cdc13-Est2D67 0A fusion) has already been mentioned. In a second informative
experiment, instead of fusing intact Cdcl3 to Estl, an alternative Estl fusion was constructed.
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Previous work in our lab has shown that the DNA binding domain of Cdcl3 can be expressed as a
stable, discrete sub-domain (8). The premise behind this fusion experiment is that the affinity of
Cdcl3 for yeast telomeric DNA is approximately 500 fold higher than that of Estl. Therefore,
fusing the Cdcl3 DNA binding domain to Estl should deliver Estl, and hence telomerase, to the
telomere by virtue of the much higher affinity DNA binding domain. This modified version of
Estl is capable of suppressing the senescence phenotype of the telomerase defective cdc13-2est
allele (Fig. 5), as predicted if telomerase is now getting to the telomere independent of the
telomerase function of Cdc 13.

Conclusions and Future Directions
Collectively, these data show that Cdc13 and Estl are co-mediators of telomerase access to

the telomere and also provide a molecular basis for the telomerase-defective Cdc 13 mutant. These
results argue that Cdc13 mediates telomerase access via a protein-protein interaction, presumably
via contact with Esti. Furthermore, we propose that a primary role for Estl is to directly mediate
telomerase access, based in part by the observation that it can be bypassed by fusing Cdcl3
directly to telomerase.

These fusion proteins now provide us with an extremely powerful tool to mechanistically
dissect interesting aspects of telomerase function. The following is a short list of projects that use
the principles and reagents generated from the fusion experiments:

1. Identifying additional mutations in Estl or Cdcl3 that are suppressed in the fusion protein. As
an extension of Project I, this will be used to further define domains in both proteins that are
required to mediate telomerase access.

2. Defining the minimum regions of Est2 and TLC1 required for catalysis. Since the domains
required for association with Estl and/or other telomerase-recruiting proteins can now be
dispensed with by fusing portions of Est2 to Cdcl3, we can define the minimum component
requirements for telomerase activity in vivo.

3. Testing whether directing Cdcl3 to an HO-endonuclease-induced double strand break (by
virture of the LexA system) is sufficient to recruit telomerase to that break and see
healing/telomere addition at a location other than at the telomere. This experiment directly tests
the model that the presence of the Cdcl3 protein is a mediator of telomerase access.

4. Extending this line of experimentation to mammalian cells. In collaboration with Ronald
DePinho's laboratory, we are constructing Cdc 13-hTERT fusions to ask whether such a fusion
will similarly confer telomere lengthening in human cells (based on our prior observations that
Cdcl3 can bind human telomeric DNA).

Project III: Role of telomerase in telomeric silencing

Results and Discussion
We have previously shown that Cdcl3p and the heterodimer Ku are required, along with

telomerase, for full telomere function, and we have proposed that Ku and Cdcl3p contribute
distinct roles in end protection. Ku has recently been shown to exhibit defects in transcriptional
repression of telomere proximal genes, known as telomere position effect (TPE), or telomeric
silencing. In collaboration with other members of our lab, I investigated whether alterations in
genes involved in the telomerase pathway also exhibit TPE defects. We found that deletion or
overexpression of EST1, EST2 or TLC1 does not significantly affect telomeric silencing.
However, telomeric silencing is derepressed upon overexpression of dominant negative alleles of
each. In addition, we determined that overproduction of telomerase pathway components partially
alleviates the TPE defect in hdflA cells. This indicates that there is genetic crosstalk between these
two telomere maintenance pathways, and suggests that overproduction of telomerase pathway
components may at least partially compensate for the loss of Ku in maintaining telomeric silencing.
These findings were published last year (12).
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SUMMARY APPENDICES

Key research accomplishments:

" completed a detailed site directed mutational analysis of EST1, and isolated three informative
mutant classes that may be used to further define Estl function and to isolate Estl-interacting
factors.

" provided strong evidence further supporting our model that Cdcl3 and Estl are co-mediators
of telomerase access to the chromosome terminus based on the observations:
"* fusing Cdc 13 to Estl or Est2 results in substantial telomere lengthening, arguing that

tethering telomerase to Cdcl3 results in increased access of telomerase to the telomere.
"* fusing Estl to the telomerase defective Cdc 13 mutant bypasses the consequences of that

mutation, indicating that the molecular basis for telomerase defective Cdcl3 mutant likely
results from the inability of Cdcl3 to directly mediate telomerase access by loss of protein-
protein interaction with telomerase.

"* fusing Cdc13 directly to the catalytic subunit of telomerase partially bypasses the
requirement for Estl, suggesting that the primary role of Estl is to mediate telomerase
access to the telomere.

Reportable outcomes:

A. Manuscripts:

1. Evans SK, Sistrunk ML, Nugent CI, Lundblad V. Telomerase, Ku and telomeric silencing in
Saccharomyces cerevisiae. Chromosoma (1998) 107:352-358

2. Evans SK, Lundblad V. Tethering telomerase to the telomere: Estl and Cdcl3 are comediators
of telomerase access. (in preparation, to be submitted to Science)

B. Abstracts and Presentations:

ESTI: Mediator of telomerase access to the chromosomal terminus?
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Platform presentation

C. Copies of the above cited manuscripts and abstracts are attached.
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Abstract. Telomeres comprise a specialized chromosome cessive replication cycles, known as the "end-replication
end structure distinct from the standard nucleosomal ar- problem", by employing a specialized telomere-specific
chitecture of the remainder of the genome. Telomere DNA polymerase called telomerase. Telomerase is a ribo-
maintenance and chromosome stability require both rep- nucleoprotein complex that utilizes its intrinsic RNA sub-
lication of telomeric sequences by telomerase and telo- unit as a template for telomere repeat synthesis (for re-
meric end protection through binding of proteins. We view see Nugent and Lundblad 1998). The telomerase
have shown that Cdcl3p and the heterodimer Ku are re- catalytic protein subunit was originally identified in Eu-
quired, along with telomerase, for full telomere function, plotes aediculatus and Saccharomyces cerevisiae using
and we have proposed that Ku and Cdcl 3p contribute dis- biochemical and genetic approaches (Lendvay et al.
tinct roles in end protection. Ku has recently been shown 1996; Lingner and Cech 1996). The Euplotes p123 and
to exhibit defects in transcriptional repression of telo- the Est2p of S. cerevisiae both contain a set of motifs
mere-proximal genes, known as telomere position effect common to known reverse transcriptases; these motifs
(TPE), or telomeric silencing. We investigate here wheth- comprise a protein fold, which forms the reverse tran-
er alterations in genes involved in the telomerase pathway scriptase active site. When potential active site residues
also exhibit TPE defects and find that deletion or overex- are altered in the Est2 protein, telomerase activity is dis-
pression of EST1 or EST2 does not significantly affect rupted in vitro and subsequent in vivo telomere replica-
telomeric silencing. However, telomeric silencing is dere- tion defects are also exhibited (Lingner et al. 1997a).
pressed upon overexpression of certain nonfunctional al- Since identification of the catalytic component in Euplo-
leles of each. In addition, we determined that overproduc- tes and S. cerevisiae, this catalytic subunit (called TERT,
tion of telomerase pathway components partially allevi- for telomerase reverse transcriptase) has subsequently
ates the TPE defect in hdflA cells. This indicates that been identified in humans, Schizosaccharomyces pombe
there is genetic crosstalk between these two telomere (Kilian et al. 1997; Meyerson et al. 1997; Nakamura et al.
maintenance pathways, and suggests that overproduction 1997; Harrington et al. 1998; Nakayama et al. 1998), Tet-
of telomerase pathway components may at least partially rahymena thermophila and Oxytricha trifallix (Bryan
compensate for the loss of Ku in maintaining telomeric et al. 1998; Collins and Gandhi 1998).
silencing. Although the RNA subunit and then TERT protein ap-

pear to be sufficient to provide core enzymatic activity in
reticulocyte lysates (Weinrich et al. 1997), it is likely that
additional components comprise a holoenzyme complex

Introduction that is required in vivo. These proteins may function to
regulate telomerase activity or mediate contact between

Telomeres, as the ends of linear chromosomes, are critical the core enzyme and the end of the telomere. These addi-
structures that prevent such catastrophic events as end-to- tional factors could be components of telomeric chroma-
end fusions and chromosome loss via nucleolytic diges- tin or alternatively could be associated with the core tel-
tion. Telomeres also circumvent loss of sequence in suc- omerase components to form a telomerase holoenzyme

complex. In Tetrahymena, the p80 and p95 proteins have
been shown to be telomerase associated and are proposed

* These authors contributed equally to this work t eivle nDAsbtaercgiinadtlmto be involved in DNA-substrate recognition and telom-
Edited by: W.C. Earnshaw and W. Hennig erase-RNA interaction (Collins et al. 1995; Gandhi and

Correspondence to: V. Lundblad Collins 1998). Telomerase-associated mammalian homo-
e-mail: lundblad@bcm.tmc.edu logs of the Tetrahymena p80 protein have also been iden-
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Ku complex

$4PI11)?TLCI

Telomerase

Cdc13
Fig. 1. Three distinct activities are required for telomere function. The telomerase holoenzyme is drawn for purposes of illustration
Ku and Cdcl3p have been proposed to have distinct functions at with multiple subunits, although only the templating RNA (TLCI)
the telomere, perhaps binding the terminal duplex DNA or single- and catalytic subunits (Est2p) of telomerase have been shown to
strand G-tail extensions, respectively, at temporally discrete periods be components of the enzyme (Singer and Gottschling 1994; Ling-
in the cell cycle (for review see Bertuch and Lundblad, in press). ner et al. 1997a; Counter et al. 1997)

tified (Harrington et al. 1997; Nakayama et al. 1977). In DNA ends and to mediate nonhomologous end-joining
S. cerevisiae, genetic screening for telomere replication (NHEJ) in both yeast and mammalian cells (reviewed
mutants has led to the identification of three genes, in Jin et al. 1997). Recent evidence suggests that Ku also
EST1, EST3 and CDC13, along with EST2. Mutations appears to play an important role in telomeric end protec-
in any of these three genes result in the same phenotype tion in yeast. First, absence of either YKU80 or HDF1 in-
as observed for a defect in the core enzyme: progressive curs telomere shortening (Porter et al. 1996; Boulton and
telomere shortening and a gradual decline in cell viability Jackson 1998; Nugent et al. 1998). Second, crosslinking
(Lendvay et al. 1996). However, unlike strains defective experiments suggest Ku80p is physically associated with
for either component of the core enzyme (Est2p and telomeric chromatin in vivo (Gravel et al. 1998). One hy-
TLC1), strains carrying mutations in EST1, EST3, and pothesis is that a more discretely defined physical telo-
CDC13 still retain enzyme activity in vitro (Cohn and meric location for Ku may in fact be the terminal duplex
Blackburn 1995; Lingner et al. 1997b). Estlp binds sin- ends, as opposed to a part of internal duplex chromatin
gle-strand G-rich telomeric DNA in vitro, and associates (see Bertuch and Lundblad 1998). Finally, further evi-
with the telomerase RNA in vivo, suggesting that Estlp dence that Ku function is important for establishing or
may function in bringing the chromosome terminus sub- maintaining telomeric chromatin structure is the change
strate into the enzyme active site (Lin and Zakian 1995; in expression of telomere-localized genes in cells lacking
Steiner et al. 1996; Virta-Pearlman et al. 1996). Cdcl3p, Ku function (Boulton and Jackson 1998; Gravel et al.
as defined by the cdc13-2est mutation, also has a role in 1998; Laroche et al. 1998; Nugent et al. 1998).
positive regulation of telomerase (Nugent et al. 1996). Ku and Cdcl3p have been shown to interact genetical-

One function vital to maintaining the integrity of chro- ly: mutations in YKU80 have been isolated from a screen
mosome ends, which the cell theoretically could perceive designed to identify genes that function in parallel with
to be DNA breaks, is the protection of these specialized CDC13 (Nugent et al. 1998). Their roles in end protec-
ends from degradation or recombination. In addition to tion, however, are distinct since growth in cdc13-1ts
its suggested role in telomerase function, Cdcl3p has ku- cells is greatly reduced compared with cells harbor-
been proposed to have a second role in maintaining telo- ing the individual mutations (Nugent et al. 1998; Polot-
mere integrity by protecting telomeric termini via end- nianka et al. 1998). This argues that Cdcl3p and Ku ex-
binding. The cdc13-1's mutation suggests a role for hibit two genetically separable activities required for
Cdcl3p in end protection, because it confers the loss of complete telomere function. Growth defects of either
the telomeric C-rich strand and results in subsequent cell cdc13-Js or ki- (either hdflA or yku8OA) cells are more
death (Garvik et al. 1995). In addition, Cdcl3p binds with severe in cells also lacking functional telomerase (Nugent
high affinity to single-strand telomeric DNA substrates in et al. 1996; Gravel et al. 1998; Nugent et al. 1998), sug-
vitro (Nugent et al. 1996). Since in S. cerevisiae the G- gesting that Ku and Cdcl3p are involved in a telomere
rich strand has been shown to exist as a single-strand ex- maintenance pathway separate from telomerase-mediated
tension late in S-phase (Wellinger et al. 1993), Cdcl3p telomere replication (Fig. 1).
may function as a cap to telomeric ends at certain stages Although telomere replication by telomerase is a ge-
of the cell cycle, netically distinct activity from the end-protection func-
teAnother potential player in telomeric end protection is tions of Ku and Cdc l3p, telomerase function may also
the Ku heterodimer, comprising the HDF1 and YKU80 be important for maintaining the structure of telomeric
gene products. Ku has been shown previously to bind ends. In cells overexpressing truncated TLC] cDNAs,
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telomeres become shorter and telomeric silencing is dis- ture sensitivity of telomeric silencing, at least two transformants
rupted (Singer and Gottschling 1994). One explanation from a minimum of two independent transformations were exam-
for the loss of silencing in cells overexpressing these al- ined for each plasmid/strain combination. This assay was performed

prior to manifestation of the temperature-sensitive growth defect of
leles of TLC] is that mutant forms of the RNA titrate the hdflA strain. Yeast transformations were performed using stan-
away telomerase components, thereby effectively reduc- dard genetic techniques. The hdflA strains were transformed with:
ing the amount of active telomerase in the cell. This, in vector alone (pVL399), pVL784 (2gt pADH-EST1), pVL999 (21g
turn, would cause shortening of telomeres by preventing pADH-EST2), or pVL799 (2g pADH-TLC1). Wild-type cells were
telomeric replication. Subsequent attrition of binding transformed with vector control or pJBN155 (2g. pADH-SIR4cr).
sites for silencing proteins may result in loss of telomeric Cells were grown in selective medium and examined at 230 C (after
silencing. One prediction of this model is that any strain 5 days) and 36' C (after 2.5 days).

For the adenine sectoring assays shown in Fig. 3, the silencing
with short telomeres would have derepressed silencing. strain was transformed with: vector alone (pVL248 or pVL399),
An alternative model for the disruption of telomere posi- pVL249 (2g. pADH-EST1), pVL306 (2Rt pADH-estl-7), pVL999
tion effect (TPE) upon overexpression of these truncated (2gi pADH-ES72), or pVL1030 (2gt pADH-est2-5) and plated on
alleles of TLC] is that they are titrating out chromatin the appropriate selective medium containing 40 gg/ml adenine. Fol-

components that are required for telomeric silencing, lowing another passage of growth on 40 ýtg/ml adenine plates, cells

and that telomere shortening is not a prerequisite to dis- were plated on media containing 10 gtg/ml adenine. Colonies were
ruptiond that sloren .sallowed to grow for 5-7 days at 300 C prior to a 48 h exposure at
ruption of silencing. 40 C to allow full color development.

To distinguish between these two models, we deter-
mined whether strains deleted in telomerase pathway
genes, known to exhibit short telomeres (Lundblad and Results
Szostak 1989; Singer and Gottschling 1994; Lendvay
et al. 1996), demonstrate defects in telomeric silencing. Absence of telomerase pathway components
We determined that estlA, est2A, or tlclA exhibit no sig- does not affect TPE
nificant defects in TPE. To ascertain whether the TPE de-
fect upon overexpression of mutant alleles is unique to We tested the effect of the disruption of telomerase func-
the telomerase RNA, we examined whether overproduc- tion on telomeric silencing using two different approach-
tion of other nonfunctional telomerase pathway compo- es. The first method examined telomeric silencing in
nents would similarly disrupt telomeric silencing. We strains deleted in EST1, EST2 or TLC1. Telomeric silenc-
found that overexpression of certain mutant alleles of ing was measured by assaying the transcriptional activity
EST1 or EST2, but not the wild-type genes, also disrupts of a telomere-proximal reporter gene, URA3 (Gottschling
telomeric silencing. Finally, we have previously shown et al. 1990). Cells expressing URA3 are unable to grow on
that overproduction of telomerase pathway components medium containing the drug 5-FOA (5-fluoro-orotic ac-
can suppress a temperature-sensitive growth defect, id). In wild-type cells, the telomere-proximal URA3 gene
which displays a phenotypic lag, in yku80A cells (Nugent is transcriptionally repressed and cells are able to survive
et al. 1998). Given this precedent, we therefore wanted to in the presence of 5-FOA (Gottschling et al. 1990). How-
determine whether overproduction of telomerase pathway ever, when telomeric chromatin is disrupted, the URA3
components could also suppress the silencing defect in gene is expressed, causing lethality on medium contain-
hdflA cells, and determined that overexpression of ing 5-FOA. In this experiment, we used a silencing strain
EST1, EST2, and TLC1 partially alleviates the defect. in which the URA3 transactivator, PPR1, was absent. In a

pprl- strain, the telomeric URA3 gene is more sensitive
to parameters affecting telomeric silencing (Renauld

Materials and methods et al. 1993). In this strain background, deletion of either
EST], EST2 or TLC1 had no significant effect on TPE,
as evidenced by equivalent growth on non-selective

Yeast strains. The EST] and EST2 genes were disrupted in the hap- (YPD) and 5-FOA-containing medium (Fig. 2). These
loid silencing strain UCC3505 (MATa ura3-52 lys2-801 ade2-101
trpl-A63 his3-A200 leu2-A1 ppr::HIS3 adh4::URA3-TEL DIA5- platings represent cultures that have grown for approxi-
1) using gene disruptions generated from polymerase chain reaction mately 40 generations following loss of the gene, yet be-
amplification of the kanMX2 cassette (Singer and Gottschling 1994; fore the senescence phenotype of these strains is mani-
Wach et al. 1994). Primer pairs for each gene were designed with fested (Singer and Gottschling 1994; Lendvay et al.
46 bp homology to regions at the start and stop codons of the 1996; Virta-Pearlman et al. 1996). In contrast, overpro-
EST] and EST2 open reading frame. For the telomeric silencing as- duction of the C-terminal portion of Sir4p in this experi-
says shown in Figs. 2 and 4, the strain UCC3505 (Singer and
Gottschling 1994) was used. For the sectoring assays shown in ment completely abolishes telomeric silencing, as previ-
Fig. 3, the strain UCC41 (MATcc lys2 his4 trplA ade2 leu2-3,112 ously reported (Cockell et al. 1995).
ura3-52 with URA3 and ADE2 at telomere VII-L) (Gottschling
et al. 1990) was used.

TPE is disrupted in cells overexpressing certain mutant
Genetic methods. For the growth assays shown in Figs. 2 and 4, se- alleles of telomerase pathway components
rial tenfold dilutions of haploid strains of the desired genotype were
spotted onto appropriate medium and incubated at differing temper-
atures. To ensure that equivalent numbers of cells were compared A second strategy that we employed to determine wheth-
for each strain, initial cell density was determined using a hemocy- er the disruption of telomerase function could affect TPE
tometer. For analysis of high-copy suppression of hdflA tempera- was to overproduce particular mutant forms of the Estl
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YPD -URA 5-FOA

WT
est2A

Fig. 2. EST], EST2, and TLC] are not required for silencing of te- dium lacking uracil (-URA) to assess the extent of derepression of
lomere-proximal genes. Serial tenfold dilutions of cells from freshly URA3 transcription, and one medium containing 5-fluoro-orotic ac-
grown wild-type, estlA, est2A, or tlclA strains were plated on com- id (5-FOA) to determine the proportion of cells able to repress
plete medium (YPD) in order to monitor total cells viability, on me- URA3 transcription. Plates were incubated at 300 C for 3 days

vector / EST1 estl-7

vector EST2 est2-5

Fig. 3. Overexpression of certain mutant alleles of EST] or EST2, assayed for the expression state of a telomere-proximal ADE2 mark-
but not wild-type EST] or EST2, disrupts telomeric silencing. er. Repression of ADE2 transcription, reflecting the silencing state,
Wild-type cells harboring plasmids overexpressing wild-type produces red colonies, whereas derepression of ADE2 transcription,
EST1 or EST2 or the nonfunctional alleles estl-7 (Virta-Pearlman reflecting loss of silencing, produces white colonies
et al. 1996) and est2-5 (Lingner et al. 1997a) or vector control were

and Est2 proteins. This approach differs from the first tant alleles of EST] disrupts telomeric silencing (approx-
experiment in that, although wild-type Estl or Est2 pro- imately 500-fold), while overexpression of wild-type
teins are still present, the overproduction of nonfunc- ESTI results in a modest increase in telomeric silencing
tional forms may be titrating out factors required for (Virta-Pearlman et al. 1996). However, Estl exhibits sin-
telomeric silencing. Thus while the complete absence gle-strand telomere binding activity (Virta-Pearlman
of the proteins may have insignificant effects on telo- et al. 1996) and we cannot exclude a role for Estl as a
meric silencing, it is possible that overproduction of component of telomeric chromatin. Therefore, we wished
these mutant forms could disrupt telomeric chromatin. to determine whether overproduction of a nonfunctional
As previously stated, overexpression of detective alleles form of a known protein component of telomerase would
of TLC] derepresses telomeric silencing and moderately have similar effects. We assayed this by taking advantage
shortens telomeres, an effect that could be unique to the of a strain with a telomere-proximal ADE2 marker. In this
telomerase RNA component. When particular mutant al- strain, telomeric silencing is evident by the present of red-
leles of either EST] or EST2 are overexpressed in wild- sectored colonies (the ade2- phenotype), while disruption
type cells, telomeres also shorten (Virta-Pearlman et al. of telomeric silencing is manifested as white colonies (the
1996; Lingner et al. 1997a). We have previously report- ADE2+ phenotype). Figure 3 shows that, like TLC1 and
ed that in a PPR1÷ strain overexpression of certain mu- EST1, overexpression of a dominant negative allele of
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-LEU -LEU -URA -LEU 5-FOA

.230C

vector

EST] ••n•3OE- 36 0CTLC1 I]kl

Svector:

SIR4~. - _ _ _ _

Fig. 4. Overexpression of EST], EST2, and TLC] partially alleviates presence of the respective tester plasmids. Dilutions were grown
a temperature-sensitive Ku telomeric silencing defect. hdflA strains on plates also lacking uracil (-LEU -URA) to assess the extent
were transformed at 230 C with plasmids overexpressing EST1, of derepression of URA3 transcription or on medium also containing
EST2, or TLC], or a vector control. Wild-type strains were trans- 5-FOA (-Leu 5-FOA) to determine the proportion of cells able to
formed with a plasmid overproducing the C-terminus of Sir4p or repress URA3 transcription. Plates were incubated at either 230 C
its vector control. Serial tenfold dilutions of freshly grown cells (5 days) or 360 C (2.5 days)
were plated on medium lacking leucine to maintain growth in the

EST2 also disrupts telomeric silencing, while overexpres- ly reported (Nugent et al. 1998). However, in a hdflA
sion of wild-type EST2 does not. This demonstrates that strain overexpressing EST1, EST2, or TLC1, the temper-
TPE can be disrupted by overproduction of mutant forms ature-sensitive TPE defect is partially alleviated.
of either of the core catalytic components of telomerase.

Discussion
Overproduction of telomerase pathway components
partially alleviates a Ku TPE defect The question of whether the disruption of telomerase

function would lead to alterations in telomeric chromatin
Strains deleted for HDF1 or YKU80 have been previous- was assayed utilizing two separate approaches. First, we
ly shown to have a temperature-sensitive growth pheno- tested the ability of cells to repress URA3 transcription
type: cells can grow at 23' C but exhibit delayed lethality in the complete absence of the Estl and Est2 proteins.
at 36' C (Feldmann and Winnacker 1993; Barnes and In our strain background, we did not observe a noticeable
Rio 1997). ku- cells also exhibit a temperature-sensitive defect in telomeric silencing upon deletion of EST], EST2
defect in expression of a telomere-proximal URA3 re- or TLC]. This is in contrast to deletion of known chroma-
porter gene (Gravel et al. 1998; Nugent et al. 1998). tin components such as the Sir proteins, where silencing is
Since the absence of Ku confers a defect that is seen completely abolished (Aparicio et al. 1991). This suggests
at high temperatures, this suggests the existence of a that telomerase is not a substantial component of telomer-
thermolabile factor that is partially redundant with Ku ic chromatin, and that the physical presence of the telom-
at low temperatures. To determine whether altering ex- erase enzyme is not required to maintain telomeric silenc-
pression levels of telomerase pathway components af- ing. We cannot exclude the possibility that there would be
fects Ku-dependent TPE activities, we overexpressed long-term effects of the loss of telomerase on silencing,
EST1, EST2, and TLC] in hdflA cells. Figure 4 shows but we have not to addressed this issue because of the de-
that hdflA cells exhibit a modest TPE defect at 230 C, crease in viability in late generation est/tlcl cultures.
but at 36' C telomeric silencing is completely abolished, Second, we tested the effects on telomeric chromatin of
such that cells are unable to grow on 5-FOA, as previous- overexpression of both wild-type and nonfunctional al-
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leles of EST] and EST2. Overproduction of mutant forms Bertuch A, Lundblad V (1998) Telomeres and double-strand breaks:
of these proteins in wild-type strains disrupted silencing, trying to make ends meet. Trends Cell Biol 8:339-342
whereas overproduction of wild-type proteins did not have Boulton SJ, Jackson SP (1998) Components of the Ku-dependent

non-homologous end-joining pathway are involved in telomerica significant effect. There are two possible explanations length maintenance and telomeric silencing. EMBO J 17:1819-
for this. One is that overproduction of mutant forms of 1828
the proteins titrates out other telomerase components that Bryan T, Sperger J, Chapman K, Cech T (1998) Telomerase reverse
are required for telomerase activity, causing telomere trancriptase genes identified in Tetrahymena thermophila and
shortening and disruption of telomeric chromatin. Howev- Oxytricha trifallax. Proc Nat] Acad Sci USA 95:8479-8484
er, we think this explanation is unlikely since the complete Cockell M, Palladino F, Laroche T, Kyrion G, Liu C, Lustig AJ,
absence of telomerase components, which also causes te- Gasser SM (1995) The carboxy temrini of Sir4 and Rap1 affect

Sir3 localization: evidence for a multicomponent complex re-
lomere shortening (Lendvay et al. 1996; Virta-Pearlman quired for yeast telomeric silencing. J Cell Biol 129:909-924
et al. 1996), does not lead to the same phenotype. Instead, Cohn M, Blackburn EH (1995) Telomerase in yeast. Science
a more likely explanation is that overproduction of mutant 269:396-400
forms of telomerase components titrates out some fac- Collins K, Kobayashi R, Greider CW (1995) Purification of Tetra-
tor(s) that is required for telomeric silencing. Candidate hymena telomerase and cloning of genes encoding the two pro-

factors include Ku itself, or possibly one of the Sir pro- tein components of the enyzme. Cell 81:677-686
Collins K, Gandhi L (1998) The reverse transcriptase component of

teins. One way to address which factor is titrated is to de- the Tetrahymena telomerase ribonuceloprotein complex. Proc
termine whether the effects of overexpression of these Natl Acad Sci USA 95:8485-8490
nonfunctional alleles are telomere specific, or have global Counter CM, Meyerson M, Eaton EN, Weinberg RA (1997) The
consequences in silencing at other loci. Another informa- catalytic subunit of yeast telomerase. Proc Natl Acad Sci
tive experiment would be to determine whether there is a USA 94:9202-9207

Feldmann H, Winnacker EL (1993) A putative homologue of the
synergistic TPE defect upon overexpressing the mutant est human autoantigen Ku from Saccharomyces cerevisiae. J Biol
alleles in ku- cells: if the factor being titrated is not Ku, Chem 268:12895-12900
then one would expect a more severe defect upon overex- Gandhi L, Collins K (1998) Interaction of recombinant Tetrahyme-
pression of estl or est2 because now both Ku and the can- na telomerase proteins p80 and p95 with telomerase RNA and
didate silencing factor would be absent from the telo- telomeric DNA substrates. Genes Dev 12:721-733
mere. One alternative explanation for the TPE defect in Garvik B, Carson M, Hartwell L (1995) Single-stranded DNAcere.Onel domiexplanationt ng tie a deles t o arising at telomeres in cdc 13 mutants may constitute a specif-
cells overexpressing dominant negative alleles of EST1 ic signal for the RAD9 checkpoint. Mol Cell Biol 15:6128-
and EST2 may be that they are indirectly affecting TPE 6138
by titrating away Ku or some other factor important for Gottschling DE, Aparicio OM, Billington BL, Zakian VA (1990)
telomeric clustering (Laroche et al. 1998). Position effect at S. cerevisiae telomeres: reversible repression

Although it appears that the telomerase pathway com- of Pol II transcription. Cell 63:751-762
ponents ESTI, EST2 and TLC1 are not required directly Gravel S, Larrivee M, Labrecque P, Wellinger RJ (1998) Yeast Ku

as a regulator of chromosomal DNA end structure. Sciencefor telomeric silencing, we questioned whether overpro- 2074-5
280:741-745

duction of these factors could compensate for the TPE de- Harrington L, McPhail T, Mar V, Zhou W, Oulton R, Bass MB, Ar-
fect observed in hdflA strains. To circumvent the possi- ruda I, Robinson MO (1997) A mammalian telomerase-associ-
bility that overexpression of EST/TLC1 genes partially al- ated protein. Science 275:973-977
leviates the temperature-sensitive TPE defect merely by Harrington L, Zhou W, McPhail T, Oulton R, Yeung DSK, Mar V,
relieving the growth defect seen at 36' C, we assayed re- Bass MB, Robinson MO (1998) Human telomerase contains

nof TPE at a time point prior to the manifestation evolutionarily conserved catalytic and structural subunits.
pression oGenes Dev 11:3109-3115
of the growth defect. The demonstration that overexpres- Jin S, Inoue S, Weaver DT (1997) Checkpoint controls and cancer.
sion of these telomerase pathway genes alleviates the Ku Cold Springer Harbor Laboratory Press, Cold Spring Harbor,
silencing defect suggests that there is genetic crosstalk New York
between these two telomere maintenance pathways. Per- Kilian A, Bowtell DD, Abud HE, Hime GR, Venter DJ, Keese PK,
haps overexpression of these genes subtly alters telomere Duncan EL, Reddel RR, Jefferson RA (1997) Isolation of a can-

didate human telomerase catalytic subunit gene, which revealsstructure, or alters the ratio of one type of end structure to copeslingatesindfrnteltys.HmMlG-
complex splicing patterns in different cell types. Hum Mol Gen-

another, thereby allowing differential recruitment of par- et 6:2011-2019
ticular factors. Laroche T, Martin SG, Gotta M, Gorham HC, Pryde FE, Louis EJ,

Gasser SM (1998) Mutation of yeast Ku genes disrupts the
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ESTI: MEDIATOR OF TELOMERASE ACCESS TO THE
CHROMOSOMAL TERMINUS?
S.K. Evans and V. Lundblad, Dept. of Biochemistry & Dept. of Molecular
and Human Genetics, Baylor College of Medicine, Houston, TX 77030.

There are two known components of S. cerevisiae telomerase,
TLCJ, the RNA subunit, and EST2, the protein catalytic subunit, which are
required both in vivo for telomere replication and in vitro for enzyme
activity. In contrast, EST] and EST3 are required in vivo for telomerase
function but are dispensable for catalytic activity in vitro. Previous work
in our lab has shown that Estlp is a single-strand telomere DNA binding
protein; Estl also co-immunoprecipitates the yeast telomerase RNA in an
Est2-independent manner. These data suggest that Estl assists telomerase
in bringing the chromosome terminus to the enzyme active site.

To define more clearly the mechanistic function of Estl at the
telomere, I have pursued two experimental approaches. The first has been
a site-directed mutational analysis of the protein, which has yielded three
classes of mutants. Class I mutants, which map within the DNA binding
domain of Estl, have an in vivo estl phenotype but retain association with
the telomerase RNA. Class 1I mutants are conditional for senescence, and
association with TLC1 is retained in these mutants at all temperatures.
Class III mutants are defined by their inability to associate with the
telomerase RNA at detectable levels. Experiments are in progress
employing these alleles in suppression screens to identify Est 1-interacting
factors.

In a second approach, I am examining whether Estl can be
physically tethered to the telomere as a protein fusion with Cdcl3p.
Strikingly, a Cdcl3-Estl fusion complements either null mutation.
Furthermore, a Cdc13est-Estl fusion behaves comparable to the wild type
Cdcl3-Estl fusion, arguing that tethering Estl to Cdcl3 is sufficient to
bypass the est defect of Cdc13. Both fusions also confer a substantial
telomere lengthening phenotype, suggesting that tethering Estl to Cdc13
increases access of telomerase to the terminus. I am currently testing
whether telomerase activity co-immunoprecipitates with the Cdcl13-Estl
fusion, and whether any of the Class I, II or III estl mutations, discussed
above, can similarly be bypassed when present as a Cdcl13-Estl fusion
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